INTRODUCTION
The creation of meat science educational and research programs in the United States preceded by slightly more than 100 yr the 2008 centennial celebration of the formation of the American Society of Animal Science. The first land grant university meat science program was created at the University of Minnesota in 1905. Andrew Boss first taught the course "Killing, Dressing, Cutting, and Curing Meat" in 1894, and this is considered the first meat science course to be taught in the United States. Within 7 yr, the first university meat laboratory was constructed on the University of Minnesota campus, and by 1904, four meat sciences courses were taught there. More than 100 yr later, meat science and muscle biology programs flourish throughout the United States. Similar programs in Europe outdate those in the United States, but American animal scientists, meat scientists, and muscle biologists were pioneers in the discovery of new information and the development of new technologies that led to dramatic changes in the production, processing, distribution, marketing, and consumption of meat and meat products. Furthermore, many people educated and trained in the United States have established and maintained meat science and muscle biology programs throughout the world.
This paper was written to achieve the following objectives: 1) to briefly describe the history of the development of academic meat science programs and the associated professional organization infrastructure and support in the United States; 2) to describe the scope and general categories of meat science research and the associated time frame during which major advances and achievements were realized; and 3) to describe in more detail the contributions of research on postmortem metabolism, tenderness, and valued-added research that led to improvements in meat quality and that had a positive impact on the meat industry.
This review has concentrated on research, conducted primarily by members of the American Society of Animal Science and published in the Journal of Animal Science (JAS), while recognizing that much has been published in other primary journals, such as Meat Science and the Journal of Food Science. This review is limited because, within the constraints of a centennial journal review, it is not possible to cover the many topics associated with meat science adequately: meat color, product ingredients (salt, nitrite, phosphates, starches, soy proteins, etc.), packaging, moisture enhancement, the science of irradiation, the alteration of flavor by antemortem physiology (i.e., sex odor) and nutrition (pasture fed vs. concentrate fed), the biochemistry of color, the role of modified-atmosphere packaging, the role of Escherichia coli O157:H7 and other pathogens in effecting a revolution in the industry-wide adoption of Hazard Analysis and Critical Control Point programs, and the role of different animal breeds on meat quality. Table 1 lists the schools and years during which the first 10 land grant institutions developed and offered meat science courses. Expansion to include a second group of 10 institutions occurred during the 1920s. At present, 58 universities in the United States appear to offer meat science and muscle biology programs, and 11 two-year colleges provide courses and educational programs in meat science and sponsor meat-judging teams [T. Powell, American Meat Science Association (AMSA), Savoy, IL, personal communication]. These numbers do not include meat science programs within hotel and hospitality management or meat culinology degree or certificate programs. It is nearly impossible to determine which institutions first offered formal meat science research programs and when they began. Research activity and focus was stimulated by technology advances.
HISTORY OF MEAT SCIENCE PROGRAMS AND PROFESSIONAL ORGANIZATIONAL SUPPORT
Technological advances during the 19th century led to major changes in livestock marketing and processing. Development of the rail system and centralized marketing and processing occurred first in Philadelphia, followed by Cincinnati, Chicago, Kansas City, and Omaha. Shortly after the Chicago Stockyards was formed in 1865, it became the top livestock market in the nation. Development of mechanical refrigeration for the packing industry in 1901, adaptation of refrigeration for use in rail cars, availability of the Model T in 1908, and initial sales of home refrigerators in 1916 all provided great impetus for rapid expansion of meat consumption and meat production in the United States. The prospects for growth and economic success of the meat industry brought with it challenges that required collaborative interdisciplinary research attention.
The National Livestock and Meat Board (NLMB) was instrumental in supporting discovery and distribution of the science-based information used in educational and promotion programs. The NLMB was formed in 1922 at a meeting of the American National Livestock Association in Colorado. Credit for its formation is given to Thomas Wilson, "the packer, agriculturist, and an apostle of cooperation who believed that all segments of the meat industry; packer, producer, retailer, and researchers were actually partners in a large and complicated undertaking" (http://www.meatscience.org/ inside/historyofmeatscience.htm; last accessed Jun. 16, 2008) . The NLMB was composed of scientists and representatives of all segments of the meat industry. It was created to provide educational material about meat and funds for research to identify nutrients in meat important to the human diet. One early goal was to dispel the purported associations between meat consumption and specific health maladies that were publicized in the early 1900s. Another motivating factor in the formation of the NLMB was undoubtedly the negative impact of public perception of the meatpacking industry resulting from The Jungle by Upton Sinclair, published in 1906. Leaders concerned with the survival and growth of the meat industry recognized the need for improved sanitation during slaughtering and processing, for standardization of meat animal and carcass grading, and for greater assurance of healthful meat and meat products in the United States. Animal scientists were called into action.
R. C. Pollock, the first general manager of the NLMB, recognized the potential benefits of pulling together resources and people within the USDA and among animal and meat science researchers located at the agricultural experiment stations to address these issues. Formal interactions and collaborations led to funding "A Study of Factors Which Influence the Quality and Palatability of Meat" (http://www.meatscience.org/inside/historyofmeatscience.htm; last accessed Jun. 16, 2008) and the project was later named Cooperative Meat Investigations. The Society of Animal Production published a Pollock also felt that intercollegiate meat-judging contests were of great educational value for college students and would help prepare individuals for successful careers in the meat industry. Thomas E. Wilson was approached to provide support, and together they initiated the first contest in 1927, The International Livestock Exposition, which was held in Chicago. This added another dimension to the meat educational programs and research efforts that were evolving in the 1930s.
World War II interrupted the progression and expansion of meat science research and educational programs. The Cooperative Meat Investigations had ceased to function, and in 1948, through the efforts of a committee formed by R.C. Pollock, the first Reciprocal Meat Conference (RMC) was convened in Chicago in 1948. Personnel from 29 land grant institutions, USDA, and the NLMB provided an attendance of 46 meat scientists. This was the beginning of the longest standing annual meeting of US meat and animal scientists committed to sharing research techniques and results, teaching and extension methods, and ideas for improving meat quality and meat-processing techniques. A brief description of the organizational structure, sources of financial support, and annual meeting format and focus is found in "Prologue to Meat Science," written by Robert Bray, University of Wisconsin-Madison, and first published in The 50th Anniversary History of the Reciprocal Meat Conference (Bray, 1997) .
Ernest Briskey, also a faculty member at the University of Wisconsin-Madison, led the effort to create a professional society of meat science, and at the 1964 RMC, held at the University of Wisconsin-Madison, the AMSA was formed. The NLMB played a major role in working with the AMSA to continue RMC meetings and to expand educational efforts and activities. The NLMB was decommissioned and merged into the National Cattlemen's Beef Association in 1996. Veal product promotion is supported by the National Cattlemen's Beef Association, but the American Veal Association also conducts veal promotion programs. Pork product research and promotion is now supported by the National Pork Board. A division of the American Sheep Industry Association, the American Lamb Council, promotes American lamb through consumer and retail promotion, food-service promotion, and outreach to culinary professionals and food editors. The American Lamb Board, an entity completely separate from the American Sheep Industry Association, began its promotion and marketing efforts for American lamb in the spring of 2003.
The AMSA maintains a strong leadership role in planning and conducting annual RMC, creating and supporting special targeted educational programs and judging activities, and maintaining an awards program that recognizes the accomplishments of meat and animal scientists and students. The AMSA adopted the journal Meat Science as the official scientific journal for that society in January 2000 (T. Powell, AMSA, personal communication 
ANIMAL SCIENTIST CONTRIBUTIONS TO THE SCOPE AND ADVANCEMENT OF MEAT SCIENCE RESEARCH
The early research focus among animal scientists was on aspects of livestock production that affected the quantity, quality, and composition of meat. During the 1950s, much effort was directed toward the development of improved objective methods for measuring or predicting the relative amounts of lean and fat in carcasses and live animals. Visual appraisal and dissection gave way to the use of fat thickness probes, specific gravity, potassium-40 counters, ultrasound, light reflectance, electromagnetic scanning, bioelectrical impedance, video image analysis, and computer tomography (Kauffman and Breidenstein, 1994) . Animal science and early meat science textbooks used the practical separation of subject material into chapters addressing aspects of production, processing, composition, quality, preservation, manufacturing, packaging, and distribution. Several meat science textbooks were authored by animal science faculty.
Investigations in the 1960s and 1970s sought to better understand the causes of meat tenderness variation and problems, as well as antemortem reasons for aberrant patterns of postmortem metabolism that led to undesirable meat quality characteristics. Research was often based on the formal disciplines of chemistry and biochemistry, physiology and endocrinology, nutrition and metabolism, histology and histochemistry, and microbiology. Animal scientists led much of the research on the cellularity of skeletal muscle and adipose tissue growth and development during this time. Relationships between morphological and histochemical features of fetal development and postnatal growth were defined in both tissues, and this information provided a better understanding of the bases for the allometric pattern of growth and variation in the composition of meat animals. Use of growth promotants in finishing beef cattle was first approved by the US Food and Drug Administration Center for Veterinary Medicine in 1955. A multitude of implant and feed additive metabolismmodifier products were developed and approved over a 30-yr period; their use continues today, while genetic and nutritional approaches to improve carcass composition and meat quality are also being researched and implemented. A recent summary of the use of metabolism modifiers in meat production was published by the Council of Agricultural Science and Technology (Beermann and Dunshae, 2005) .
Boxed beef processing and distribution was introduced in 1967, and this perpetuated the trend toward more centralized fabrication and packaging and the sale of more manufactured or processed products. Advances included automated continuous processes for the manufacture of ground beef, cured, and manufactured products. The safety of nitrite use in cured product manufacture, methods to improve color stability and retard lipid oxidation, and advances in packaging received abundant research focus in the 1970s. Research on postmortem metabolism produced major advances during this time.
POSTMORTEM MUSCLE METABOLISM RESEARCH IMPROVED MEAT QUALITY
Postmortem anoxia, glycolysis, and loss of ATP lead to rigor mortis and pH decline in skeletal muscle (Newbold, 1966) . During the 1960s, animal scientists demonstrated that the rate and extent of glycolysis contribute significantly to variation in the color, firmness, texture, and water-holding capacity of muscle. Extremes in these conditions are associated with negative effects on sensory characteristics (eating quality) and processing functionality of the meat. One of the most dramatic negative associations between rapid pH decline and physical traits was termed PSE pork (Briskey, 1964) , and much effort was expended to discern the causes of PSE musculature.
Intense genetic selection for increased muscularity and reduced fat resulted in an increase in the number of animals exhibiting "stress syndrome" physiological anomalies, frequently leading to hyperthermia and death. Pigs exhibiting porcine stress syndrome (PSS) traits and surviving for slaughter also had a propensity for producing PSE muscle (Topel et al., 1969) . The PSS condition is linked to a single autosomal recessive gene, commonly referred to as the halothane gene because exposure to halothane anesthesia triggers expression of the syndrome (Rasmusen and Christian, 1976) . Pigs with a point mutation at the 615 AA (Arg615Cys) of the sarcopolasmic reticulum Ca 2+ release channel protein exhibit the PSS syndrome and release approximately twice the amount of Ca 2+ into the muscle as compared with normal animals (Mickelson and Louis, 1996) . This activates muscle metabolism and accelerates lactate production and accumulation postmortem.
Results of more recent studies using a commercially available DNA test, however, demonstrated that the HAL-1843 gene accounts for only approximately 25 to 35% of the PSE meat observed in commercial abattoirs (Allison et al., 2006) . Another gene was found to contribute to the problem. The Rendement Napole (RN − ) gene (Monin and Sellier, 1985) affects the amount of glycogen in muscle, producing a strong glycolytic potential, and results in a low ultimate pH of the muscle. The dominant mutation (denoted RN − ) was found to cause a 70% increase in LM glycogen content and reduced pH, reduced water-holding capacity, and reduced cooked ham yields in RN − homozygous and heterozygous pigs (Andersson, 2003) .
More recent research implicates the Ca-activated proteolytic enzyme system in muscle as a likely factor in explaining how or why PSE occurs (Barbut et al., 2007) . The Ca-activated factor enzyme in skeletal muscle (calpain) was isolated and purified by Darrell Goll and colleagues in the 1970s (Dayton et al., 1976) . They demonstrated that 2 forms were present that required micromolar or millimolar Ca 2+ concentrations to activate them. Their early work was not focused on possible relationships to PSE, however. The early application of this knowledge was centered on investigating postmortem tenderization in beef.
ADVANCES IN MEASUREMENT, MECHANISMS, AND CONTROL OF MEAT TENDERNESS

Technology Development and Application
Tenderness is one of the most important and most studied palatability traits of cooked meat. Objective measurement of meat tenderness was accommodated by the development of a standardized approach for measuring the shear force of a 1.25-cm-diameter core of cooked muscle. The concept was first proposed by K. F. Warner in 1928, and refinement by L. J. Bratzler (Bratzler, 1932 ) has led to the use of Warner-Bratzler shear by many meat and animal scientists for more than 75 yr. Brady (1937) published one of the earliest papers in which the Warner-Bratzler shear was used to assess the impact of various factors influencing beef tenderness. The time course of changes postmortem in the tenderness of beef LM was assessed by Ramsbottom and Strandine (1949) , and several reports characterized differences among individual muscles. Adaptation of the shear assembly to fit the Instron Universal Testing Machine (Instron, Norwood, MA) allowed more rapid measurement of shear force and additional associated physical traits, and this technology is still widely used today.
Many animal and meat scientists evaluated the relative contributions of several factors associated with sample preparation, including fresh and frozen sample holding conditions, cooking methods and endpoints, cooling and holding times and conditions, core orientation, shearing rates, and number of cores required for statistical analyses (see review by Wheeler et al., 1997b) . Protocol standardization was developed in 1994 (Savell et al., 1994) , and specific measurement guidelines were published by USDA (Wheeler et al., 1995) . These refinements were critical for investigating variation across and within research groups (Wheeler et al., 1997a) . Others assessed more recent variation among muscles, variation associated with Bos indicus and Bos taurus genetics, and threshold acceptability correlations with sensory panel evaluation. A validation protocol was developed at the USDA Meat Animal Research Center (Wheeler et al. 1997b) . A more rapid method and prototype for cooking steaks on a gas-fired belt grill and measuring shear force on a strip of cooked muscle was developed and adapted for commercial application (Shackelford et al., 1999a,b) . Other technologies that have been investigated and are being adapted to noninvasive prediction of beef tenderness include near-infrared reflectance analysis (Park et al., 1998 (Park et al., , 2001 Shackelford et al., 2004 Shackelford et al., , 2005 and hyperspectral imaging, a combination of video image analysis and spectroscopy (Konda Naganathan et al., 2008) . The former has been installed in commercial beef-processing plants and the latter has shown good performance during early development.
The Biochemical and Structural Determinants of Tenderness
Iowa State researchers elucidated ultrastructural changes in myofibrils caused by the calpains and determined that the many cytoskeletal and costameric muscle proteins degraded by the calpains are the same proteins degraded during postmortem aging (HuffLonergan et al., 1996) , whereas the major contractile proteins myosin and actin are not degraded (Dayton et al., 1975) . Olson et al. (1977) demonstrated that proteolysis caused by the calpains leads to disappearance of troponin-T and accumulation of a 30-kDa fragment during postmortem aging. These changes were associated with myofibril fragmentation, and researchers in this laboratory developed a procedure to quantify myofibril fragmentation to assess relationships with tenderness. MacBride and Parrish (1977) discovered the presence of the 30-kDa component in tender, but not tough, beef and coined the term "myofibril fragmentation tenderness." They found that the fragmentation index accounted for more than 50% of variation in beef LM tenderness. Subsequently, Anderson and Parrish (1989) found positive relationships between postmortem degradation of titin and nebulin and tenderness of beef steaks. Interestingly, when the rapid early shortening of sarcomeres is prevented by clamping a muscle prerigor, postmortem reduction in meat tenderness does not occur (Koohmaraie et al., 1996) .
COLD SHORTENING AND ELECTRICAL STIMULATION OF CARCASSES
Exposure of beef skeletal muscle to rapid chilling conditions at several time intervals after the initiation of rigor mortis was shown to have dramatic effects on muscle contracture and shortening and on the associated shear force of the cooked muscle (Marsh and Leet, 1966) . This cold-shortening phenomenon was of practical significance because exponential rates of toughening were observed when muscle shortened from 0 to 40%, with the most rapid increase occurring between 20 and 40%. New Zealand workers demonstrated in the early 1960s that various degrees of muscle shortening caused by blast-freezing lamb carcasses and accelerated chilling of beef carcasses in commercial processing plants caused consistently greater shear force values (Locker, 1985) . The decreased tenderness caused by cold shortening was significantly reduced by muscle restraint or carcass positioning to prevent muscle shortening (Herring et al., 1965) , but toughness was not resolved with aging (Herring et al., 1967) . High-temperature conditioning of carcasses above 5°C (effective from 15 to 40°C) after processing improves meat tenderness by reducing cold toughening, despite whether sarcomere length is reduced in association with rapid chilling, and this accelerates glycolysis and pH decline (Dutson et al., 1977) .
Electrical stimulation of beef and lamb carcasses before the onset of rigor mortis has been adopted by the meat industry as a means of preventing cold shortening and cold toughening. Application of electrical current to the carcass while the muscle temperature is still high greatly accelerates the rates of postmortem glycolysis and muscle pH decline, and prevents cold toughening even when sarcomere shortening is not present (Pearson and Dutson, 1985) . Harsham and Deatherage (1951) were granted a patent on "Tenderization of Meat" even before cold shortening and cold toughening became known and understood among meat and animal scientists. The first commercial carcass electrical stimulation equipment was developed and marketed in the United States by the LeFiell Company (Reno, NV), but this did not occur until 1978. This technology was readily adopted by more than 500 plants in the United States by 1982 and is still widely used today.
CALPAINS, WATER-HOLDING CAPACITY, AND PSE
Work implicating the calpain system as a contributing factor in the development of PSE musculature was not undertaken until the late 1990s and beyond. Rapid and more extensive protein denaturation postmortem affects myosin adenosine triphosphatase activity early on and may lead to greater myofibril shrinkage, greater movement of water out of the myofibrillar space, and greater loss from the muscle fiber (Barbut et al., 2007) . A current hypothesis suggests that calpain-stimulated proteolysis of key muscle proteins, including the intermediate filament and costameric proteins linking myofibrils and the sarcolemma, can result in myofibril and muscle fiber shrinkage, leading to reduced waterholding capacity or water-holding ability of the muscle (Melody et al., 2004; Huff-Lonergan and Lonergan, 2005) . Calpastatin is the endogenous inhibitor of calpain activity, and the nature of inhibition of calpains is not yet well characterized. Rapid pH decline, oxidation, and calpastatin activity all influence µ-calpain activity and can therefore influence water-holding capacity as well as tenderness.
VALUE-ADDED MEAT SCIENCE RESEARCH
Value-added research can be defined as investigative effort leading to the discovery of new information about meat, resulting in a significant increase in the value of the materials being studied. Value-added research can also be defined as work that demonstrates the application of technology or further processing of raw materials to create a desired marketable product that markedly enhances the value of the raw materials.
The muscle profiling work on beef chuck and round wholesale cuts represents one of the greatest enhancements of value of raw materials beyond the use of further processing or application of new technologies in fresh meat. The detailed characterization of the physical, compositional, and sensory characteristics of individual muscles in the beef chuck and round identified several select muscles that could be redirected away from use in ground or processed product manufacture and marketed as fresh cuts, with very desirable eating characteristics and markedly enhanced value (VonSeggern et al., 2005) . These beef value cuts included the top blade or infraspinatus muscle (flatiron steak), shoulder center or triceps brachii muscle (ranch-cut steak), and tender medallions or teres major muscle (shoulder tender) in the chuck. The 3 beef value cuts identified in the round included the sirloin tip center or rectus femoris muscle, the sirloin tip side or vastus lateralis muscle (sirloin tip steaks), and the bottom round or biceps femoris muscle (Western griller steak). The wholesale value increase alone was estimated at approximately $50 per carcass. Application to the approximately 26 million head of cattle processed annually in the United States denotes a potential impact exceeding $1 billion per year. Similar individual muscle characterization studies were subsequently conducted in pork, veal, and mature beef carcasses.
NEW FRONTIERS IN MEAT SCIENCE RESEARCH
Research frontiers in meat science include further elucidation of the genetic and biochemical basis for variation in postmortem metabolism, the mechanism(s) by which calpastatin regulates calpain activity, and the associated effects on tenderness, water-holding capacity, and sensory traits. Increased calpastatin is associated with reduced degradation of several muscle cytoskeletal and costomeric proteins, and these may influence water-holding capacity, tenderness, and even formation of PSE pork. Likewise, factors that influence oxidation in muscle and the associated effects on protein degradation may lead to improved meat quality and greater uniformity of the same. Breeding animals for meat quality characteristics by using QTL mapping and candidate gene marker-assisted selection holds good promise once influential genes are identified. Physical and linkage maps can be used to find candidate genes that affect critical components of muscle metabolism, the calpastatin-calpain system, or oxidation status or genes that enhance nutrient composition.
Other frontiers include the development of new technologies for pre-and postslaughter intervention to improve meat safety and shelf life, technologies to improve the accuracy of noninvasive estimates of meat tenderness, and technologies to increase the value, consumer demand, and consumption of meat and meat products.
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